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A UNIFIED A C Q U I S I T I O N  SYSTEM FOR ACOUSTIC DATA 

Allan J. Zuckerwar' and Harlan K .  Holmes 
Langley Research Center 

SUMMARY 

A mul t ichannel ,  a c o u s t i c  AM carrier system has been developed f o r  a wide 
v a r i e t y  of  a p p l i c a t i o n s ,  p a r t i c u l a r l y  f o r  a i r c r a f t - n o i s e  and sonic-boom measure­
ments. Each data a c q u i s i t i o n  channel c o n s i s t s  o f  a condenser microphone, an  

r 	 a c o u s t i c  s i g n a l  conve r t e r ,  and a Zero Drive' a m p l i f i e r ,  a long w i t h  p e r i p h e r a l  
suppor t ing  equipment. A c o n t r o l  network i n s u r e s  cont inuous opt imal  tun ing  of  
the  conver te r  and p e r m i t s  remote c a l i b r a t i o n  o f  t h e  condenser microphone. With 
a 12.70-mm (1/2-in.)  condenser microphone, t h e  converter /Zero Drive@ a m p l i f i e r  
combination has  a frequency response from 0 Hz t o  20 kHz ( -3  dB) ,  a dynamic range
exceeding 70 dB, and a minimum no i se  f l o o r  of  50 dB ( re f .  20 uPa) i n  t he  band 
22.4 Hz t o  22.4 kHz. The system r e q u i r e s  no e x t e r n a l  impedance matching net­
works and is i n s e n s i t i v e  t o  cable l eng th ,  a t  least  up t o  900 m (3000 f t ) .  Sys­
tem ga in  v a r i e s  on ly  2 1  dB over  t h e  temperature  range 4 O  t o  54O C (40° t o  
130' F). Adap te r s  are a v a i l a b l e  t o  accommodate 23.77-mm (1- in . )  and 6.35-mm 
(1/4- in . )  microphones and t o  provide 30-dB a t t e n u a t i o n .  A f i e l d  t es t  t o  o b t a i n  
t h e  a c o u s t i c a l  time h i s t o r y  o f  a h e l i c o p t e r  f l yove r  proved success fu l .  

INTRODUCTION 

A unique, new ins t rumen ta t ion  system f o r  the  a c q u i s i t i o n  o f  a c o u s t i c  data 
has been developed and is d e s c r i b e d  i n  t h i s  r e p o r t .  T h i s  development has 
r e s u l t e d  from past exper iences  i n  f i e l d  measurement o f  a c o u s t i c  data f o r ,  t yp i ­
c a l l y ,  fan-jet-powered a i r c ra f t ,  turbine-powered h e l i c o p t e r s ,  and supersonic
veh ic l e s  as w e l l  as i n  wind-tunnel i n v e s t i g a t i o n s  of t u r b u l e n t  boundary layers .  
The extremely broad frequency range and t h e  large s ignal-ampli tude dynamic range 
i m p l i c i t  i n  these a p p l i c a t i o n s  have previous ly  r equ i r ed  va r ious  measurement sys­
tems, each optimized f o r  t h e  par t icular  measurement. To i l l u s t r a t e ,  f i g u r e s  1 ,  
2 ,  and 3 are r e p r e s e n t a t i v e  time h i s t o r i e s  and a m p l i t u d e  s p e c t r a  from a commer­
c i a l  f an - j e t  t r a n s p o r t ,  a turbine-powered h e l i c o p t e r ,  and a son ic  boom from a 
supersonic  v e h i c l e ,  r e s p e c t i v e l y .  The time h i s t o r i e s  show t h a t  t h e  t r a n s p o r t  
no ise  is r e l a t i v e l y  broadband; t h e  h e l i c o p t e r  no i se  has s t r o n g  impulsive s p i k e s ;
and the  sonic  boom has a t r a n s i e n t  s i g n a t u r e  w i t h  t h e  t y p i c a l  N-wave shape. The 
ampl i tude  spectrum of  t h e  t r a n s p o r t  possesses  a broadband characterist ic w i t h  
fan and compressor t ones  superimposed. The h e l i c o p t e r  s i g n a t u r e  possesses  a low­
r e p e t i t i o n - r a t e  b lade  frequency and its many harmonics superimposed on a broad-* band spectrum, w i t h  t h e  t a i l  r o t o r  no i se  ev iden t  a t  t h e  higher f requencies .  The 
sonic-boom s i g n a t u r e  is  descr ibed  by i n f r a s o n i c  f requencies  (governed by t h e  
r e l a t i v e l y  long s e p a r a t i o n  between t h e  sharp a c o u s t i c  p re s su re  t r a n s i t i o n s )  and 
the  higher  harmonics characteristic of  t r a n s i e n t  events .  

~ ~~ 

*Research Assoc ia te  Professor  o f  Phys ics ,  Old Dominion Univers i ty ,  Norfolk, 
V i rg in i a .  
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Figure 1.- Amplitude time h i s t o r y  and narrow-band spectrum of  a 
commercial f a n - j e t  t r a n s p o r t .  
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Figure 2.- Amplitude time h i s t o r y  and narrow-band 
turbine-powered h e l i c o p t e r .  
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Figure 3.- Amplitude time h i s t o r y  and narrow-band spectrum of  a 
sonic  boom from a supersonic  v e h i c l e .  

Implied i n  t h e  foregoing  d i scuss ion  i s  t h e  need f o r  an a c o u s t i c  data acqui­
s i t i o n  system having response c h a r a c t e r i s t i c s  extending from i n f r a s o n i c  t o  u l t r a ­
sonic  f requencies .  Since t h e  expected ampli tude o f  an a c o u s t i c  event  i s  not  
known p r e c i s e l y ,  an ampli tude dynamic range i n  excess  o f  70 dB ( a  f a c t o r  o f  
3000) is  desirable.  I n  a d d i t i o n  t o  t h e  frequency response and amplitude dynamic 
range cons ide ra t ions ,  s e v e r a l  o p e r a t i o n a l  d i f f i c u l t i e s  ar ise  when making f i e l d  
measurements. F i r s t ,  measurements must be made where the  no i se  sources  are 
loca ted .  T h i s  n e c e s s i t a t e s  a mobile system which w i l l  be subjec ted  t o  l o c a l  con­
d i t i o n s  such as r a d i o  and radar emissions,  shipboard power, and t e r r a i n .  Rights-
of-way f o r  microphone cables must  a l s o  be cons idered .  Second, l a r g e  area cover­
age is o f t e n  r equ i r ed  t o  s tudy  t h e  " f o o t p r i n t , "  or area impacted  by t h e  no i se  
source ;  t h e r e f o r e ,  a l a r g e  number of  s imultaneous measurements from dispersed  
measuring p o i n t s  - and consequent ly  long cab le  runs  and mul t ip l e  record ing  sta­
t i o n s  - are r equ i r ed .  Add i t iona l ly ,  t h e  l o c a l  c l i m a t i c  cond i t ions  o f  tempera­
t u r e  and humidity affect  t h e  measurement systems. 

The d i f f e r e n t  measurement systems r equ i r ed  t o  span t h e  t o t a l  range of  i n t e r ­
es t  w i l l ,  i n  g e n e r a l ,  be s e n s i t i v e  - i n  d i f f e r e n t  ways and t o  d i f f e r e n t  e x t e n t s  -
t o  t he  measurement o r  o p e r a t i o n a l  c o n s t r a i n t s  a l luded  t o  i n  t h e  preceding para­
graph. Some systems are very s e n s i t i v e  t o  cable l e n g t h  and type ,  whereas o t h e r  
systems are s e n s i t i v e  t o  e lec t romagnet ic  i n t e r f e r e n c e  over long cables of  any 

, type .  Slowly varying atmospheric  p re s su res  are not  a f a c t o r  when low frequen­
cies are not  o f  i n t e r e s t ,  but  compensation is  requ i r ed  when i n f r a s o n i c ,  sonic-
boom measurements are made. Some systems, but no t  a l l ,  r e q u i r e  a d d i t i o n a l  s ig ­
n a l  condi t ion ing  and ac power or b a t t e r y  packs loca ted  c l o s e  t o  t h e  microphone 
s t a t i o n .  General ly ,  p re sen t  measurement systems r e q u i r e  s p e c i a l  l i n e  d r i v e r s  o r  
l i n e  te rmiya t ions  t o  send i n t e l l i g e n c e  over  long cables. 

It is  apparent  from t h e  preceding d i scuss ion  t h a t  a s i n g l e  measurement sys­
t e m ,  optimized through modular plug-ins  or adap te r s  and minimally affected by t h e  
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s e v e r a l  o p e r a t i o n a l  and environmental  c o n s t r a i n t s ,  is  very  desirable. T h i s  
r e p o r t  describes such a system which has r e c e n t l y  been developed. The system 
c o n s i s t s  of  a condenser microphone, a s i g n a l  c o n v e r t e r ,  a remotely loca ted  
s igna l - cond i t ion ing  u n i t  (which c o n t a i n s  a l l  power, a m p l i f i c a t i o n ,  f i l t e r i n g ,  
c o n t r o l ,  and c a l i b r a t i o n  c i r c u i t r y ) ,  and per iphera l  equipment needed t o  suppor t  
an a c o u s t i c  measurement. Experimental  r e s u l t s  ob ta ined  from f i v e  product ion 
pro to type  (as opposed t o  optimized l a b o r a t o r y  bench p ro to type )  conve r t e r / s igna l ­
condi t ion ing  u n i t s  are inc luded  a long  w i t h  an o p e r a t i o n a l  d e s c r i p t i o n  of  t he  
complete system. A t h e o r e t i c a l  d e s c r i p t i o n  of  t he  au tomat ic  t un ing  f e a t u r e  is 
included i n  t h e  appendix.  

Cer ta in  commercial equipment and materials are i d e n t i f i e d  i n  t h i s  paper i n  
o rde r  t o  s p e c i f y  adequate ly  the  experimental  procedures .  I n  no case does such 
i d e n t i t i c a t i o n  imply recommendation or endorsement of  t he  product  by NASA, nor 
does i t  imply t h a t  t he  equipment or m a t e r i a l s  are n e c e s s a r i l y  t h e  only  ones or 
the  best ones a v a i l a b l e  f o r  t h e  purpose.  I n  many cases  equ iva len t  equipment and 
materials are a v a i l a b l e  and would probably produce equ iva len t  r e s u l t s .  

SYMBOLS 

The fol lowing symbols denote  mathematical  q u a n t i t i e s :  ( a )  lowercase le t ­
ters rep resen t  t ime-varying q u a n t i t i e s ;  ( b )  uppercase letters w i t h  an overbar  
r ep resen t  the i r  Laplace t ransforms;  and ( c>  uppercase le t ters  wi thout  an overbar  
r ep resen t  r e fe rence  and qu ie scen t  q u a n t i t i e s .  Values are g iven  i n  both SI and 
U.S. Customary Uni t s .  The measurements and c a l c u l a t i o n s  were made i n  U . S .  Custo­
mary Uni t s .  Symbols denot ing  system components used i n  t h e  figures are not  
included i n  t h i s  l ist.  

‘m i n s t an taneous  microphone capac i t ance ,  pF 

‘mQ quiescent  microphone capac i t ance ,  pF 

CR v a r a c t o r  diode r e f e r e n c e  capac i t ance ,  pF 

CT t o t a l  capac i tance  o f  30-dB a t t e n u a t i o n  network, pF 

in s t an taneous  v a r a c t o r  diode capac i t ance ,  pF 

‘vQ qu iescen t  v a r a c t o r  diode capac i t ance ,  pF 

‘21‘5 capac i t ances  i n  d i f f e r e n t i a l  amplifier-fi l ter ,  pF 

c6 9 c7 capac i tances  i n  30-dB a t t e n u a t i o n  network, pF 

F a t t e n u a t i o n  f a c t o r  
-
FC closed-loop t r a n s f e r  func t ion  o f  au tomat ic  t un ing  c o n t r o l  system 
-
FO open-loop t r a n s f e r  func t ion  of  au tomat ic  t un ing  c o n t r o l  system 
-
F3 t r a n s f e r  func t ion  o f  d i f f e r e n t i a l  a m p l i f i e r - f i l t e r  
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IR conver te r  r e f e r e n c e  c u r r e n t ,  A 

K 

K1 

K2 

K3 

K4 

Kg 

P 

P 

Q 

RL 


R 1  t o  R 4  


S 


VC 


VO 


'R 3 


'R 4 


v2 


'2Q 

v3 
. 
'3M 


U 34 


v4 


v5 


'5Q 


Y 

= K ~ K ~ K ~ K Q K ~  


cons tan t  i n  t r a n s f e r  func t ion  of conve r t e r ,  V/pF 


magnitude o f  Zero Drive@a m p l i f i e r  ga in  

cons tan t  i n  t r a n s f e r  func t ion  o f  d i f f e r e n t i a l  a m p l i f i e r - f i l t e r  

magnitude o f  ga in  of summing a m p l i f i e r  

change i n  v a r a c t o r  diode network capac i tance  per  v o l t ,  pF/V 

inc iden t  sound p r e s s u r e ,  P a  

cons tan t  i n  t r a n s f e r  func t ion  of  conve r t e r  

q u a l i t y  f a c t o r  of  conve r t e r  tank c i r c u i t  

load r e s i s t a n c e  of  conve r t e r  FET, Q 

r e s i s t a n c e s  o f  feedback branch, Q 

complex frequency, used i n  Laplace t ransforms,  sec'l 

c a l i b r a t i o n  v o l t a g e ,  V 


output  vo l t age  of Zero Drive" amplif ier ,  V 


closed-loop r e f e r e n c e  v o l t a g e ,  V 


open-loop r e fe rence  v o l t a g e ,  V 


output  vo l t age  of  c o n v e r t e r ,  V 


quiescent  va lue  of v2, V 


vol tage  a t  t e s t  po in t  3 ,  V 


cons tan t  vo l t age  i n  t r a n s f e r  func t ion  of  Zero Drive" a m p l i f i e r ,  V 


quiescent  va lue  of  v3, V 


output  vo l t age  of d i f f e r e n t i a l  amplif ier-f i l ter ,  V 


varac to r  diode v o l t a g e ,  V 


quiescent  va lue  of  v5, V 


exponent appearing i n  cons t an t  K 5  of v a r a c t o r  diode network 
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5 damping r a t i o  o f  automatic  tun ing  c o n t r o l  system 

T ~ , T ~c o n s t a n t s  i n  t r a n s f e r  , funct ion o f  d i f f e r e n t i a l  a m p l i f i e r - f i l t e r ,  sec , ~ ~ 

4 con tac t  p o t e n t i a l  (used i n  express ion  f o r  cons t an t  K5 of v a r a c t o r  
diode network) ,  V 

wn .resonant angular  frequency of  undamped au tomat ic  tun ing  c o n t r o l  sys­
tem, rad/sec 

t 

Abbreviat ions : 


BW bandwidth 


CAL c a l i b r a t i o n  


FET field-effect  t r a n s i s t o r  


SPL sound p res su re  l e v e l  


DESCRIPTION OF THE UNIFIED SYSTEM 

General 

The un i f i ed  a c o u s t i c  data a c q u i s i t i o n  system i s  an AM c a r r i e r  system con­
s i s t i n g  p r imar i ly  of  a conve r t e r ,  s igna l -condi t ion ing  e l e c t r o n i c s ,  adapters f o r  
microphones ,of  va r ious  s i z e s  and sound p res su re  l e v e l  ranges ,  and p e r i p h e r a l  
equipment. Target s p e c i f i c a t i o n s  f o r  t h e  system are as fol lows:  

Microphone, condenser 


Frequency response 

Frequency bandpass 

Amplitude measurement range 

Dynamic range ( s i n g l e  ga in  s e t t i n g )  

Temperature e f f e c t  upon ga in  


Cable 

Gain s e t t i n g s  


Microphone resonant  c i r c u i t  tuning 

Cal ib ra t ion  

Miscellaneous 


23.77 mm ( 1  i n . ) ,  12.70 mm (1/2 i n . ) ,  
6.35 mm ( 1 / 4  i n . )  

0.02 Hz t o  20 kHz a t  t h e  -3-dB p o i n t s  

Selectable by plug-in f i l t e r s  

50 t o  160 dB ( r e f .  20 p P a )  

70 dB o r  g r e a t e r  

<2 dB over  temperature i n t e r v a l  

4' t o  54' C (40° t o  130' F) 
Two-conductor s h i e l d e d ,  tw i s t ed  pa i r ,  

up t o  600 m (2000 f t )  i n  l eng th  
70-dB range w i t h  switch increments  of  

0
10 dB and 2 dB 

Automatic o r  manual 
By means of  remote vo l t age  i n s e r t i o n  I 

m fI n d i c a t o r  f o r  tun ing  and s i g n a l  a 
amplitude 1

!! 
Output vo l t age  f o r  ga in  logging 	

.:I
14 
I! 

F i g u r e  4 i l l u s t r a t e s  t h e  un i f i ed  measurement system concept i n  i t s  p resen t  form. 	 1
i
d 
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Figure 4.- A conceptua l  u n i f i e d  a c o u s t i c  data a c q u i s i t i o n  system. 

The Converter 

The functior,  of  t h e  conve r t e r  is t o  produce an e lec t r ica l  c u r r e n t  propor­
t i o n a l  t o  t h e  i n s t an taneous  sound p r e s s u r e  l e v e l  a t  t h e  microphone. Refer t o  
t h e  c i r c u i t  diagram i n  f i g u r e  5.  T r a n s i s t o r  T I  and qua r t z  c r y s t a l  X make 

Figure 5.- C i r c u i t  diagram of t h e  conve r t e r .  T1 ,  2N3711; T2, 2N930; T3, 
S9120 (Dar l ing ton ) ;  D, and D 2 ,  1N5463; T4, 3N202; Z ,  1N759A ( z e n e r ) ;
X, quar t z  c r y s t a l  (10 MHz); L ,  9-pH i nduc to r .  Terminals: A,  s i g n a l ;  
B, common; C, c o n t r o l .  
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up the  core  of the  l o c a l  o s c i l l a t o r ,  which d r i v e s  gate of the  field-effect  

t r a n s i s t o r  T4 a t  10 MHz. A tank c i r c u i t  c o n s i s t i n g  he condenser micro­

phone C,, inductor  L ,  and va rac to r  d iodes  D1  and D2 is connected t o  g a t e  


G1 and tuned t o  the  10-MHz carr ier  frequency by means o f  a direct  vo l t age  

appl ied  t o  t h e  c o n t r o l  te rmina l  C. A s  a r e s u l t  o f  drain-to-gate'capacitive 

coupl ing ,  a small f r a c t i o n  o f  the  d r a i n  c u r r e n t  pas ses  i n t o  the  tank  c i r cu i t  and 

produces a vol tage  a t  gate G 1 .  Because t h e  t ransconductance w i t h  respect t o  

gate G1 ( t h a t  is, the  r a t i o  o f  d r a i n  c u r r e n t  t o  vo l t age  a t  gate G 1 )  i s  exceed­

i n g l y  s e n s i t i v e  t o  t he  vo l t age  a p p l i e d  t o  gate G2,  t h e  s i g n a l  a t  gate G I  mixes .
w i t h  t h a t  a t  gate G2 t o  gene ra t e  a component o f  d i rec t  d r a i n  c u r r e n t  (over  and 

above the  quiescent  c u r r e n t ) .  A change i n  t he  capac i tance  Cm changes t h e  

l e v e l  of t h i s  direct  c u r r e n t ;  consequent ly ,  a p e r i o d i c  change i n  C,, as caused 

by the  presence o f  sound a t  t h e  microphone, produces a p e r i o d i c  d r a i n  c u r r e n t  a t  

the  frequency of t h e  sound. The drain- to-gate  c a p a c i t i v e  coupl ing i s  u s u a l l y  an 

unwanted effect i n  a convent ional  mixer c i r c u i t ,  but  here t h e  effect  is  used t o  

advantage and p e r m i t s  t h e  d e t e c t i o n  of  very small changes i n  t h e  capac i tance 


',* The output  stage, which inc ludes  t r a n s i s t o r  T2 ,  c a p a c i t o r  C 4 ,  and Darling- 

ton t r a n s i s t o r  T , f i l t e r s  ou t  t h e  carrier component o f  t h e  c u r r e n t  and pro­

v ides  a low outpuz impedance f o r  better matching t o  t h e  low inpu t  impedance o f  

the succeeding Zero Drive" ampl i f ie r .  Capac i tor  C ex tends  the  bandwidth o f  

t h e  conver te r  by inc reas ing  the  ga in  of t h e  output  &age p r e f e r e n t i a l l y  f o r  

higher a c o u s t i c a l  f requencies .  A q u a n t i t a t i v e  theo ry  o f  ope ra t ion  o f  t h e  conver­

ter is given i n  r e fe rence  1 .  


The c i r c u i t  elements o f  t h e  conve r t e r  are housed i n  a s t a i n l e s s  s t ee l  tube  ' 
10 cm ( 4  i n . )  long x 1.25 cm (1 /2  i n . )  i n  diameter. One end con ta ins  a commer­
c i a l l y  a v a i l a b l e  connector  f o r  t h e  12.70-mm (1/2- in . )  microphone cartridge.  
Adapters f o r  microphones o f  o t h e r  s i z e s  are a v a i l a b l e .  The o t h e r  end c o n t a i n s  a 
three- te rmina l  connector  f o r  t h e  output  connect ions:  s i g n a l  A ,  common B, and 
c o n t r o l  C. 

The Zero Drive" Amplif ier1 

The func t ion  of  t h e  Zero Drive" a m p l i f i e r  is  twofold: ( 1 )  t o  provide power 
a t  a cons tan t  22 V dc t o  t h e  conver te r  t e rmina l s  A and B,  and ( 2 )  t o  ampl i fy  
t h e  conver te r  s i g n a l  f o r  record ing  on an output  device .  The advantages of  the  
Zero Drive" system inc lude  i n s e n s i t i v i t y  t o  l e n g t h  and type o f  cable and low tri­
b o e l e c t r i c  and o t h e r  t ypes  of  no i se  ( re f .  2 ) .  Normally an in t e rmed ia t e  imped­
ance conve r t e r ,  a l i n e  d r i v e r ,  i s  connected between the  s i g n a l  source  and the  
Zero Drive" amplifier, but here t h e  func t ion  o f  t h e  l i n e  d r i v e r  is t r a n s f e r r e d  

e
t o  the  output  stage of t h e  conver te r .  By e l i m i n a t i n g  the  l i n e  d r i v e r ,  one is  
able t o  use t h e  cons t an t  vo l t age  on t h e  l i n e  as the  supply vo l t age  f o r  t he  con­
v e r t e r  without undermining the  performance o f  t h e  Zero Drive' a m p l i f i e r .  

P 
Y 


The sequence of stages making up t h e  Zero Drive" a m p l i f i e r  i s  i l l u s t r a t e d  
i n  the block diagram of f i g u r e  6 .  The cur ren t - to-vol tage  t r a n s l a t o r  y i e l d s  an 
output  vo l tage  v3 which is  s e n s i t i v e  t o  the  qu ie scen t  as w e l l  as  the  time-
varying components of t h e  conver te r  l i n e  c u r r e n t  ( e n t e r i n g  te rmina l  A i n  

'Zero Drive " is a new ze ro  impedance s igna l -condi t ion ing  concept f o r  piezo­
electr ic  t r ansduce r s  and is a registered trademark o f  Gilmore I n d u s t r i e s ,  Inc .  
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f i g .  5 ) .  The time-varying component proceeds through the  a d j u s t a b l e  ga in  net­
work, ac a m p l i f i e r ,  and plug-in f i l t e r s  t o  t h e  s i g n a l  ou tput  connector .  The 
ad j u s t a b l e  ga in  network c o n t a i n s  a double-ganged s w i t c h ,  pe rmi t t i ng  s e l e c t i o n  o f  
ga in  from 0 t o  70 dB i n  2-dB ( f ine , )  and 10-dB (coa r se )  s t e p s .  The bandwidth o f  
t he  ac a m p l i f i e r  ex tends  from 0.035 Hz t o  -100 kHz; t h a t  o f  t h e  output  s i g n a l  may 
be var ied  from 2 ,  5, o r  10 Hz t o  5,  IO, o r  20 kHz by means o f  t h e  plug-in f i l ­
ters ,  where e i the r  f i l t e r  may be  bypassed. The meter normally i n d i c a t e s  the  r m s  
output  vo l t age ,  but  i n  the  test  mode i t  i n d i c a t e s  t h e . s t a t i c  component o f  v . 
The ga in  p o s i t i o n  network provides  a d i rec t  vo l t age  p ropor t iona l  t o  t he  s e t t l n g s  
of t he  ga in  p o s i t i o n  switches. 

The output  t e rmina l  of t h e  cur ren t - to-vol tage  t r a n s l a t o r ,  test po in t  3 ,  i s  
a c c e s s i b l e  through an e x t e r n a l  connector .  If a low-frequency response down t o  
0 Hz is desired,  as may be  t he  case i n  sonic-boom measurements, then  the quies­
cen t  vo l tage  V a t  t es t  p o i n t  3 can be balanced by an e x t e r n a l  vo l t age  source ,  
and t h e  vol tage3%fference  w i l l  i n d i c a t e  both s t a t i c  and time-varying changes. 
Addi t iona l ly ,  t h e  qu ie scen t  va lue  of  v3, being s e n s i t i v e  t o  d e v i a t i o n s  o f  t h e  
conver te r  from opt imal  t un ing ,  is  used as t h e  inpu t  vo l t age  i n  t h e  automatic  tun­
ing  c o n t r o l  system. Figure 7 is a photograph o f  a f ive-channel  product ion proto­
type .  Five Zero Drive" a m p l i f i e r s  are s i t u a t e d  i n  a rack toge the r  w i t h  t h e  power 
SUPPlY. 

The Control  System 

The converter /Zero Drive" system output  is  excess ive ly  s e n s i t i v e  t o  changes 
i n  ambient tempera ture ,  p r i m a r i l y  because of  t h e  pronounced temperature  sens i ­
t i v i t y  of the s t a t i c  microphone capac i tance .  The n e t  effect  o f  such changes is  
t o  detune the  conve r t e r  and reduce t h e  system ga in .  The automat.ic tun ing  con­
t r o l  system compensates f o r  changes i n  s t a t i c  microphone capac i tance  due t o  t e m ­
pe ra tu re  changes and o t h e r  sou rces  o f  long-term d r i f t .  
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Figure 7.- Product ion prototype,  i nc lud ing  plug-in f i l ters"and adap te r s .  
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Figure 8 is ir block diagram of the converter/Zero Drive@ system with auto­

matic tuning control. In the open-loop mode of operation, the differential 
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Figure 8.- Block diagram of the converter/Zero Drive" system 

with automatic tuning control. 


amplifier-filter is disconnected from the system by means of switch S. An 

acoustical sound pressure p produces variations in the microphone capacitance 


rp'  converter output voltage v2, and output voltage of the Zero Drive" ampli­
fier Vo, respectively. Manual tuning of the converter is accomplished through 
adjustment of open-loop reference voltage VR4, which controls the output volt­

age v5 of the summing amplifier and thus the capacitance. cv of the varactors. 


The system is switched to the closed-loop mode of operation to maintain 

automatically a fixed converter tuning point. Because the voltage 

point 3 is highly sensitive to deviations from optimal tuning, the di ference
at test 

between this voltage and the closed-loop reference voltage VR3 provides the 

error voltage which is applied to the feedback branch. 


A circuit diagram of the feedback branch, which is built into the existing

circuitry of the Zero Drive" amplifier, is shown in figure 9. Under optimal 


CLOSED-
LOOP 
REFERENCE 
VOLTAGE 

IOk a 

Figure 9 . - Circuit diagram of the feedback branch. R 2  = R3 = R 1 1  = R 1 2  = R13 = 
10 kn; R5 = 2 Mn; Rg = 1 kn; RB = 3.3  kn; R 1  = R4 = 10 h'n at 0.01 Hz, 
1 Ma at 0.1 Hz, 100 kn at 1 Hz; C2 = 2 'pF; C5 = 3 . 3  pF; 01,  AD503JH opera 
ational amp3ifier; 02, AD20 1 AH summing amplifier. 
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tun ing  t h e  closed-loop r e f e r e n c e  vo l t age  vR3, a t  the  non inve r t ing  i n p u t  of  
o p e r a t i o n a l  a m p l i f i e r  01, matches the  vo l t age  a t  test po in t  3 ( T P 3 ) ,  which 
is app l i ed  t o  the i n v e r t i n g  inpu t .  The output  vo t a g t  v4 of a m p l i f i e r  01 is 
app l i ed  t o  the  summing a m p l i f i e r  02 through a v o l t a g e  d i v i d e r  network, which 
s e r v e s  as a g a i n  c o n t r o l .  The output  vo l t age  v5 of  summing a m p l i f i e r  02, 
which determines t he  capac i tance  cv of  t he  v a r a c t o r s ,  is p r o p o r t i o n a l  t o  t he  
sum o f  v4 and t h e  open-loop r e fe rence  vo l t age  vR4. A change i n  microphone
capac i tance  c,, as midht be caused by a v a r i a t i o n  i n  ambient tempera ture ,  pro­
duces corresponding changes i n  v o l t a g e s  v2, v3, and v4. Changes i n  v4 pro­
duce changes i n  v5 and cv i n  such a manner as t o  compensate for changes i n  t 

Cm. The Open-loop r e f e r e n c e  vo l t age  vR4, however, w i l l  n o t  i n f l u e n c e  the sta­
t i o n a r y  value of v5, s i n c e  the c o n t r o l l i n g  a c t i o n  of  t he  system w i l l  a d j u s t
v4 t o  maintain v5 a t  t he  same tun ing  p o i n t  a t  a l l  times, as long as the  sys- 0 

t e m  remains i n  the  closed-loop mode of ope ra t ion .  

I n  the  open-loop p o s i t i o n ,  mode switch S grounds v4 and t h u s  p reven t s  
the  c o n t r o l  s i g n a l  from reaching  the summing a m p l i f i e r  02. The l-uF c a p a c i t o r  
a t  the  output  of 02 suppres ses  e l e c t r i c a l  n o i s e  and 60-Hz pickup. 

When sound is app l i ed  t o  t he  microphone, the  corresponding v a r i a t i o n  i n  v3
would a l s o  normally produce a d i f f e r e n t i a l  a m p l i f i e r  o u t p u t ,  which would cause 
changes i n  cv t o  compensate f o r  changes i n  cm. To prevent  c a n c e l l a t i o n  of 
the a c o u s t i c a l  s i g n a l ,  low-pass f i l t e r i n g ,  provided by r e s i s t o r s  R1 and R 4  
and c a p a c i t o r s  C2 and C5, is  b u i l t  i n t o  t h e  d i f f e r e n t i a l  ampl i f i e r  stage. 
The low-pass f i l t e r  b locks  the  r e l a t i v e l y  high a c o u s t i c a l  f r e q u e n c i e s ,  b u t  
passes t h e  slow v a r i a t i o n s  a s s o c i a t e d  w i t h  changes i n  s ta t ic  capac i t ance  of the  
microphone i n  o rde r  t o  permit completion of t he  c o n t r o l  loop .  The upper c u t o f f  
frequency of the  f i l t e r  can be s e l e c t e d  a t  0 .01,  0.1,  or 1 Hz, depending upon 
the  a p p l i c a t i o n .  The first is used f o r  measurements of  sonic-boom s i g n a t u r e s ,  
where components down t o  extremely low f r equenc ie s  must be r e j e c t e d ;  t h e  last  
f o r  aircraft n o i s e ,  where t h e  lowest  frequency of  i n t e r e s t  l i e s  around 20 Hz. 
The s e l e c t i o n  of  cu to f f  frequency is r e a l i z e d  by means of a double-ganged switch 
on the f r o n t  pane l  (no t  shown i n  f ig .  91, by which the va lues  of both R 1  and 
R 4  can be  s imul taneous ly  switched to  10 Ma, 1 MQ, or 0.1 MQ for opera t ion  a t  
0.01 Hz, 0.1 Hz, or 1 Hz, r e s p e c t i v e l y .  

I n  o rde r  t o  c a l i b r a t e  t he  system, an e l e c t r i c a l  s i g n a l  vc is a p p l i e d  a t  
the i n p u t  of the  summing a m p l i f i e r .  The v a r i a t i o n s  i n  v a r a c t o r  capac i t ance  
caused by the  c a l i b r a t i o n  s i g n a l  produce v a r i a t i o n s  i n  ou tpu t  vo l t age  similar 
t o  those  produced by a c o u s t i c a l  e x c i t a t i o n  of the  microphone. 

The procedure f o r  achiev ing  opt imal  t un ing  o f  the  c o n t r o l  system is i 

s t r a igh t fo rward .  F i r s t ,  the system is switched t o  t h e  open-loop mode of  opera­
t i o n ,  e i ther  an a c o u s t i c a l  or electrical c a l i b r a t i o n  s i g n a l  is  a p p l i e d ,  and the  
conve r t e r  is tuned by a d j u s t i n g  VR4 t o  o b t a i n  a maximum ou tpu t  vo l t age  VO. 
Then the system is switched t o  t he  closed-loop mode and t h e  procedure is 
repeated with an adjustment  of  vR3. An a l t e r n a t i v e  t o  monitor ing ou tpu t  v o l t ­
age vo is t o  p r e s s  t he  TEST but ton  on the  f r o n t  pane l  and t o  a d j u s t  vR4 and 
vR3 f o r  a p resc r ibed  reading  on the  panel  meter. 

A t h e o r e t i c a l  a n a l y s i s  of  the  au tomat ic  t un ing  c o n t r o l  system is given  i n  
the appendix.  1 
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Physical Description 


The system controls are located on the front panel of the Zero Drive''amp1i­

fier. (See fig. 7.) These include coarse and fine gain switches in IO-dB and 

2-dB steps, respectively; a test button to select the meter indication as quies­

cent voltage at test point 3 .oras rms output voltage; a calibration jack for 
introducing calibration voltages into the amplifier and meter circuits; potenti­
ometers to set the closed-loop and open-loop reference voltages; a feedback mode 
switch to select the closed-loop or open-loop mode of operation; and a switch to 
select the upper cutoff frequency of the automatic tuning control system to 
0.01, 0.1, or 1 Hz. 

B The power supply provides 30 V, 15 V, and -15 V, within -1 percent, to all 
five Zero Drive' amplifiers in the rack. Light-emitting diodes indicate.when 

the supply voltages are 2 percent OF more out of tolerance. 


Adapters 


Adaptexrp�cr 3 - d B  attenuation.- A diagram of the attenuation network is 
shown in figure 10. The attenuation factor F and total tank circuit 

I 
I 
I 
I 
I C 7 iI 

I 
L . .  -~ 

--
Figure 10.- Network for 30-dB attenuation. 

capacitance CT are given by the following expressions:2 


F =  
(c6 -b c7 -b-cm)(c7 + cm> 

'6'm 


*The attenuation factor F relates therelati; change in total tank cir­
cuit capacitance to the relative change in microphone capacitance alone: 

T= 1-'Cm6C 
c~ F Cm 
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Values f o r  and C7, are chosen t o  y i e l d  t he  desired va lue  o f  F and t o  
i n s u r e  that  = C f o r  t he  purpose o f  main ta in ing  tun ing  a t  the  g iven  carrier 
frequency. Uslng tEe va lues  c6 = 22 p ~ ,  c7 = 100 p ~ ,  C, = 20.5 p~ ( t y p i c a l  
va lue )  g ives F = 38 (31.6 dB) and CT = 18.6 pF. Thus F l i es  very  c l o s e  t o  
the desired a t t e n u a t i o n  f a c t o r ,  and CT l i e s  wi th in  the  i n t e r v a l  o f  tun ing .  

The c a p a c i t o r s  c6 and ' C 7  are housed i n  a commercially a v a i l a b l e  
12.70-mm (1/2- in . )  dehumidif ier  ( w i t h  d e s i c c a n t  removed), which can be screwed 
d i r e c t l y  between the  microphone and t h e  conve r t e r .  To connect C6 t o  the net­
work r e q u i r e s  a mechanical modi f ica t ion  t o  t h e  dehumidi f ie r  whereby the  dehumid­
i f i e r  p in  has t o  be severed .  

AdaDter f o r  21.7 7-mm (1-in,)Lmicropho.ne.- Because the  capac i tance  of a 
23.77-mm (1- in . )  microphone (245 pF) exceeds t h a t  o f  12.70-mm (1/2- in . )  micro­
phone (=20 pF) ,  t h e  inductance  of  t h e  tank c i r c u i t  must be reduced t o  permi t  t h e  
conver te r  t o  be tuned a t  t h e  same carrier frequency i n  both cases. For t h i s  pur­
pose,  a parallel  9-pH induc to r  i s  introduced i n t o  t h e  tank  c i r c u i t .  The paral­
l e l  inductor  is housed i n  a similar 23.77-mm (1 - in . )  dehumidif ier  ( w i t h  des ic ­
can t  removed), which is  screwed between t h e  microphone and a mechanical adapter; 
t h e  l a t t e r  can be screwed d i r e c t l y  onto t h e  conve r t e r .  Automatic tun ing  c o n t r o l  
is r e a d i l y  achieved,  as i n  t h e  case of  t h e  12.70-mm (1 /2- in . )  microphone. 

AdaDter f o r  6.15-mm (1 /4 - in , )  microDhone.- The 6.35-mm (1 /4- in . )  micro­
phone, on the  o the r  hand, has a smaller capac i t ance  ( ~ 6 . 5pF) than t h e  12.70-mm 
(1/2- in . )  microphone. I n  o rde r  t o  maintain t he  conve r t e r  tun ing  p o i n t ,  an induc­
t o r  ( w i t h  an inductance o f  115 pH)  i s  placed i n  series w i t h  t h e  condenser micro­
phone. The inductor  is  loca ted  i n  a special housing between t h e  6.35-mm 
(1/4- in . )  adapter and the  microphone. 

Pe r iphe ra l  Equipment 

The un i f i ed  a c o u s t i c  data a c q u i s i t i o n  system, as  i l l u s t r a t e d  i n  f i g u r e  4 ,  
inc ludes  such a d d i t i o n a l  support  equipment as peak s i g n a l  i n d i c a t o r s ,  a m u l t i ­
p l exe r ,  an ana log- to-d ig i ta l  conve r t e r ,  a time code g e n e r a t o r ,  and an FM t ape  
r eco rde r .  

Tape r eco rde r s  are used t o  s t o r e  t h e  a c o u s t i c  data acquired a t  remote mea­
surement l o c a t i o n s  f o r  l a t e r  processing i n  a c e n t r a l  computer f a c i l i t y .  The 
tape r eco rde r s  used i n  t h i s  system are o f  t h e  f requency modulation type r equ i r ed  
t o  provide a frequency response from 0 Hz t o  20 kHz and a broadband dynamic 
amplitude range i n  excess  o f  50 dB. 

I f  an FM tape channel is  cverdr iven ,  t o t a l  l o s s  o f  data r e su l t s .  Hence, a 
means f o r  d e t e c t i n g  t h a t  an overdriven s i t u a t i o n  has occurred ,  and when it  
occurred ,  is h ighly  desirable f o r  use during t h e  data a n a l y s i s  phase .  A l s o ,  sys­
tem gain  s e t t i n g s  and o the r  housekeeping informat ion ,  s u i t a b l y  recorded ,  are val­
uable  during t h e  a n a l y s i s  phase.  Provis ion  f o r  doing t h e s e  tasks  has been made 
i n  t h i s  system through t h e  t ime-divis ion mul t ip lex ing  o f  vo l t ages  p ropor t iona l  ! 
t o  the  ga in  swi tch  s e t t i n g s  and t o  t h e  ou tpu t s  of  peak s i g n a l  d e t e c t i o n  c i r c u i t s  
fo r  subsequent ana log- to-d ig i ta l  conversion.  The 45-control-bi t  po r t ion  of  t h e  
time code frame i s  then used t o  merge these data w i t h  t h e  s tandard  t i m e  code 
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information.  Once t h i s  in format ion  and t h e  a c o u s t i c  analog s i g n a l s  are recorded 
om t ape ,  t h e  concept of a s i n g l e ,  u n i f i e d  system f o r  a l l  measurement tasks is  
complete, with a l l  needed informat ion  convenient ly  and e f f i c i e n t l y  accounted 
f o r .  Suitable i n t e r f a c i n g  w i t h  computer f a c i l i t i e s  completes an  e f f i c i e n t  sys­
tem fo r  acqu i r ing  and process ing  a c o u s t i c  data. 

SYSTEM PERFORMANCE 

A l l  l abo ra to ry  t es t s  descr ibed  i n  t h i s  s e c t i o n  were performed w i t h  t h e  f o l ­
lowing system components: microphone, 12.70-mm (1 /2- in . ) ,  condenser (p re s su re  
t y p e ) ,  w i t h  d e s s i c a t o r ;  a m p l i f i e r ,  Zero Drive", w i t h  high-pass bypass and low-
pass  20-kHz f i l ters;  conve r t e r ,  number 8 ( l a b o r a t o r y  p ro to type ) ;  and cable, two 
0.76-mm diameter (22 AWG) s t randed  conductors ,  t w i s t e d  p a i r ,  aluminum f o i l  
s h i e l d e d .  The except ions  inc lude  t h e  use o f  conve r t e r  number 5 f o r  the  tempera­
t u r e  tests and t h e  23.77-mm (1 - in . )  and 6.35-mm (1/4- in . )  microphone cartridges
i n  conjunct ion  w i t h  t he i r  r e s p e c t i v e  adapters. 

Dynamic Range 

The useful ope ra t ing  range o f  amplitude i n  F n  a c o u s t i c a l  data a c q u i s i t i o n  
system is  l i m i t e d  by no i se  a t  low l e v e l s  and by s i g n a l  d i s t o r t i o n  a t  high 
l e v e l s .  The dynamic range of a system i s  def ined  here t o  extend from 5 dB above 
the  e l e c t r i c a l  no i se  f l o o r  t o  t h e  sound p res su re  l e v e l  a t  4 percent  d i s t o r t i o n  
f o r  a pure tone .  

The fol lowing procedure was used t o  determine t h e  no i se  f l o o r  o f  t h e  system: 

( 1 )  An a c o u s t i c  c a l i b r a t o r  was used  t o  apply  a 100-dB sound p res su re  l e v e l  
(SPL) t o  t he  microphone a t  1 kHz. The conver te r  was op t ima l ly  tuned ,  and t h e  
output  vo l t age  of t h e  Zero Drive" amplifier was measured on a 1/3-octave 
ana lyze r .  

( 2 )  A c a l i b r a t i o n  v o l t a g e  vc a t  1 kHz i n s e r t e d  a t  t h e  c a l i b r a t i o n  jack 
( I ICAL,"  f i g .  9 )  was ad jus t ed  t o  produce t h e  same output  vo l t age  as i n  s t e p  1 and 
was thus  made equ iva len t  t o  t h e  100-dB a c o u s t i c a l  s i g n a l .  

( 3 )  The conver te r  microphone w a s  rep laced  by a dummy microphone having 
approximately t h e  same capac i t ance .  The c a l i b r a t i o n  vo l t age ,  as ad jus t ed  under 
s t e p  2 ,  was r e a p p l i e d ,  and the  conve r t e r  re tuned  t o  produce an output  vo l t age  
corresponding t o  the  100-dB SPL on the  1/3-octave ana lyze r .  This  adjustment  
made t h e  ga in  of t h e  system w i t h  t h e  dummy microphone equal  t o  t h a t  o f  t h e  sys­
tem w i t h  the  a c t u a l  microphone. 

( 4 )  Upon removal of the  c a l i b r a t i o n  vo l t age ,  t h e  wide-band output  no i se  
(22.4 Hz t o  22.4 kHz) was measured on t h e  1/3-octave ana lyzer .  

15 




Because t h e  no i se  f l o o r  w a s  found t o  be dependent upon t h e  range s e t t i n g  o f  
the Zero Drive" a m p l i f i e r ,  t h e  r e s u l t s  f o r  two range  s e t t i n g s 3  are shown i n  
table I. Except f o r  the  60-Hz component and its harmonics,  t h e  no i se  i s  whi te  
no i se  and inc reases  l i n e a r l y  w i t h  1/3-octave-band number. 

TABLE I.- DYNAMIC RANGE OF CONVERTER/ZERO D R I V E "  SYSTEM 

FOR V A R I O U S  CABLE LENGTHS 

Cable l eng th ,  3ange s e t t i n g  o f  
m Zero Drive" 

( f t )  amplifier 
-~ 

1 20 
(3 )  30 

300 20 
(1000 1 30 

600 20 
(2000 1 30 

900 20 
(3000 1 30 

Voise f l o o r ,  
dB 

( a ,  b )  

56 
50 

56 
51 

56 
50 

56 
50 

aBandwidth of  no i se  f l o o r  measurement: 
bReference SPL: 20 UPa. 
'Frequency of  d i s t o r t i o n  measurement : 

3PL a t  4 percent  Dynamic range ,  
d i s t o r t i o n ,  dB dB 

( C )  ( d )  

137 76 
127 72 

135 74 
126 70 

a 33 72 
125 70 

132 71 
125 70 

22.4 Hz t o  22.4 kHz. 

1 kHz. 
d5 dB above no i se  f l o o r  t o  SPL a t  4 percent  d i s t o r t i o n .  

The d i s t o r t i o n  of t h e  output  vo l t age  o f  t h e  Zero Drive" amplifier was mea­
s u r e d  on a d i s t o r t i o n  ana lyze r .  For t h i s  measurement t h e  system was exc i t ed  by 
a p p l i c a t i o n  of a c a l i b r a t i o n  vo l t age  because of  an i n h e r e n t l y  h i g h  d i s t o r t i o n  i n  
the  acous t i c  c a l i b r a t o r  a t  h igh  sound p res su re  l e v e l s  (>140 dB) .  For a l l  mea­
surements,  t he  frequency was l kHz. I n  table  I ,  va r ious  range s e t t i n g s  and 
cable l eng ths  are l i s t e d  f o r  t h e  no i se  f l o o r ,  f o r  t h e  h ighes t  sound p res su re  
l e v e l  a t  which t h e  d i s t o r t i o n  does not  exceed 4 pe rcen t ,  and f o r  t h e  correspond­
ing  dynamic range. 

A s  is evident  from table  I,  t h e  SPL a t  4 percent  d i s t o r t i o n  decreases 
s l i g h t l y  w i t h  i nc reas ing  cable l eng th .  This  effect  5s a s s o c i a t e d  w i t h  t he  
s l i g h t  inc rease  i n  system ga in  w i t h  cable l e n g t h ,  about 0.8 dB per  300 m 
(1000 f t )  of  cable. However, t h i s  added g a i n  does n o t  decrease t h e  no i se  f l o o r ,  
because o f  no ise  generated i n  t h e  a d d i t i o n a l  l e n g t h  o f  cable. From t h e  r e l a t i v e  
constancy of  t h e  noise  f l o o r  and dynamic range ,  i t  is  concluded t h a t  t h e  Zero 
Drive" system is capable o f  d r i v i n g  very long l e n g t h s  o f  cable. 

__I__ ­--~ 

jOn o the r  range s e t t i n g s ,  the  dynamic range is  somewhat less than 70 dB, 
the minimum needed t o  meet s p e c i f i c a t i o n s .  
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Frequency Response 

An e l e c t r o s t a t i c  a c t u a t o r ,  d r iven  a t  an equ iva len t  SPL of 90 dB, was used 
t o  determine the  frequency response  of the  system. The frequency dependence of 
t h e  output  of  t h e  Zero Drivee a m p l i f i e r  is  shown i n  figure 11 f o r  fou r  cable 

CABLE LENGTH 

-
94 


93 


92 


91 


% 90-


b 


84 


IO 2 ti 102 2 FREQUENCY, Hz ti lo4 lo5";: lo3 

F i g u r e  11 .- Frequency response of  converter /Zero Drive" system w i t h  12.70-mm 
(1/2- in . )  p re s su re  microphone and w i t h  Zero Drive" a m p l i f i e r  se t  on range 
30.  F i l t e r s :  low-pass bypass and high-pass bypass. 

l eng ths  up t o  900 m (3000 f t ) .  I n  o rde r  t o  meet t h e  s p e c i f i c a t i o n  f o r  cable 
l eng ths  up t o  900 m (3000 f t ) ,  i t  was necessary  t o  reduce t h e  inpu t  r e s i s t a n c e  
of t he  Zero Drive" a m p l i f i e r  from 50 S2 t o  10 i2. 

The capac i to r  C i n  t h e  conve r t e r  c i r c u i t  o f  f i g u r e  5 se rves  t o  compen­
sate f o r  premature r o h o f f  a t  h igher  audio  f requencies .  The va lue  of  C3 s u f f i ­
c i e n t l y  compensates a t  900 m (3000 f t )  of cable, overcompensates s l i g h t l y  a t  1 m 
( 3  f t  1, and overcompensates by as much as 2 dB a t  300 m ( 1000 f t )  and 600 m 
(2000 f t ) .  I n  a l l  i n s t a n c e s  t he  ampli tude remains wi th in  a 3-dB band over  t he  
e n t i r e  ope ra t ing  frequency range.  

Adapters 

The system performance w i t h  t he  30-dB a t t e n u a t o r  and t h e  23.77-mm (1 - in . ) ,  
and 6.35-mm (1/4-in.)  adapters i s  summarized i n  tables 11, 111, and I V ,  respec­
t i v e l y .  Automatic tun ing  c o n t r o l  is  r e a d i l y  achieved w i t h  a l l  adap te r s .  
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TABLE TI.- RESPONSE OF THE CONVERTER/ZERO D R I V %  SYSTEM 

WITH 30-dB ATTENUATOR 

C 7  = 100 pF ( s e e  f i g .  

Attenuat ion,  
Zero Drive' d i s t o r t i o n ,  dB dB dB 

90 
82 

1601 159 
65 32.6 

32.6 
.. 

aBandwidth of  no ise  f l o o r  measurement: 22.4 Hz t o  22.4 kHz. 

bReference SPL: 20 VPa. 

CFrequency of  d i s t o r t i o n  measurement: 1 kHz. 

d5 dB above noise  f l o o r  t o  SPL a t  4 percent  d i s t o r t i o n .  


TABLE 111.- RESPONSE OF THE CONVERTER/ZERO D R I V E .  SYSTEM 

WITH 23.77-mm (1-in.)  ADAPTER 

microphone (very low 
frequency pressure type)  

Range s e t t i n g  of  Noise f l o o r ,  SPL a t  4 percent  Dynamic range, 
Zero Drive. dB 1 distor;;;on, dB dB 

( a , b )  ( d )  1 
55 1 	 122 62 

122 73:y 1 113 67 

a ,b ,c ,dSee footnote  t o  t a b l e  11. 

TABLE 1V. - RESPONSE OF THE CONVERTER/ZERO D R I V E .  SYSTEM 

WITH 6.35-mm (1/4-in.) ADAPTER 

microphone and adapter1 
Range s e t t i n g  of Dynamic range,  

Zero Drive' d i s t o r t i o n ,  dB dB 
ampl i f ie r  ( d )  

20 150 70 
30 1 z: I 142 69 

a,b,c,dSee footnote  t o  :able 11. 
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Temperature Effects 

The most c r u c i a l  t e s t  o f  t h e  automatic  tun ing  c o n t r o l  i s  t o  determine how 
w e l l  t he  system main ta ins  opt imal  tun ing  over t h e  s p e c i f i e d  temperature  i n t e r v a l  
4' t o  54' C (40° t c  130' F). For t h i s  test  the  conver te r  was placed i n  a con­
t r o l l e d  temperature chamber, and the  response t o  a c a l i b r a t i o n  vo l t age  a t  con­
s t a n t  amplitude was measured as a func t ion  o f  temperature .  The c a l i b r a t i o n  v o l t ­
age was ad jus t ed  t o  produce a s i g n a l  equiva len t  t o  an SPL of  100 dB a t  1 kHz a t  
the output  of  the  Zero Drive' a m p l i f i e r .  The output  vo l t age ,  t h e  tun ing  c o n t r o l  
vo l t age ,  and t h e  vo l t age  a t  test  p o i n t  3 were recorded a t  selected temperatures .  

The v a r i a t i o n  o f  ou tput  ampli tude w i t h  temperature  is  shown i n  f i g u r e  12 
f o r  both t h e  open-loop and closed-loop modes. The conve r t e r  was tuned f o r  

4! 100 \ CLOSED- LOOP 
!k 

w 
2 97 a n 

96 
0
E 95 
N I OPEN - LOOP 

94 
LL 
0 

93 

w 

.-I 91 
z 
Q 90 

0 I O  20 30 4 0  50  60 

TEMPERATURE, OC 
Figure 12.- Temperature s e n s i t i v i t y  o f  converter /Zero Drive' system. Converter 

input  l e v e l ,  100 dB; range s e t t i n g  o f  Zero Drive' a m p l i f i e r ,  20. w 
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maximum output  vo l t age  a t  the  r e fe rence  temperature  o f  30° C (86O F ) .  The drop 
i n  open-loop s e n s i t i v i t y  on either s i d e  o f  t he  maximum is  attributable t o  the  
detuning a s soc ia t ed  w i t h  t h e  change i n  microphone capac i tance  w i t h  temperature .  
The f i g u r e  shows t h a t  t h e  automatic  tun ing  c o n t r o l  system s u c c e s s f u l l y  main ta ins  
the  system ga in  t o  wi th in  &l dB over  t he  e n t i r e  temperature  i n t e r v a l .  

As shown i n  f i g u r e  13, t h e  qu ie scen t  v a r a c t o r  vo l t age  VZQ i nc reases  w i t h  
temperature .  This  i n c r e a s e  causes  v a r a c t o r  capac i t ance  cv o decrease and 

QUIESCENT 
- TEST- POINT -3 2.80 

>-
CY
In-.60 > 
c 
-

W 
2.70 

5 

P 
a 
-

.50 
TEST- POINT- 3 

2.60 
i,
Qa 

CLOSED LOOP s 
2.50 5 

W 
0 

v)
W­
3 
0 

2.40 

.40 
0 IO 20 30 40 5 0  60 

TEMPERATURE, O C  

Figure 13.- Temperature dependence of qu ie scen t  v a r a c t o r  vo l t age  V5Q and 
quiescent  vo l t age  v3Q a t  test po in t  3.  

thereby compensate f o r  the  inc rease  i n  microphone capac i tance .  I n  the  open-loop 
mode, t h e  qu ie scen t  vo l t age  V3Q at  test p o i n t  3 fo l lows  changes i n  microphone
capaci tance;  i n  t h e  closed-loop mode, however, t h e  automatic  tun ing  c o n t r o l  is  
e f f e c t i v e  i n  keeping v3Q c l o s e l y  clamped t o  t he  r e f e r e n c e  vo l t age  V R 3 .  
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FIELD TEST 

The uni f ied  a c o u s t i c  data a c q u i s i t i o n  system as descr ibed  i n  t h i s  r e p o r t ,  
configured w i t h  a 12.70-mm ( 1/2-in. ) microphone, was deployed i n  l a te  November 
1975 f o r  a he l i cop te r - f lyove r  f i e l d  e x e r c i s e .  Data f o r  s e v e r a l  l e v e l  f l y o v e r s  
a t  an a l t i t u d e  of 75 m (250 f t )  were obta ined  by us ing  t w o  conve r t e r  systems on 
300-m (1000-ft) cables. F igure  14 is an a c o u s t i c  data t i m e  h i s t o r y  w d  the 

.5L I I I I I I I I I I I 
0 .5 1.0 

TIME, sac 

I I I I 1 I I I I I I 
0 100 200 300 400 so0 

M E W .  Hz 
Figure 14.- Ampl i tude  time h i s t o r y  and narrow-band power spectrum of  a 

turbine-powered h e l i c o p t e r  obtained w i t h  t h e  developed system. 

a s s o c i a t e d  power spectrum from one f lyove r .  The power spectrum shows evidence 
of  s i g n i f i c a n t  blade s l a p  and, l i k e  t h e  time h i s t o r y ,  is seen t o  be similar i n  
dynamic characteristics t o  t he  data of f i g u r e  2 obta ined  wi th  a previous  system. 

CONCLUDING REMARKS 

A unique, u n i f i e d  system f o r  t h e  a c q u i s i t i o n  o f  a c o u s t i c  data has  been 
designed,  developed, and tes ted.  The system is r e a d i l y  adaptab le  t o  t h e  common 
condenser microphone s i z e s ;  has a frequency response extending from 0 Hz t o  
20 kHz a t  t h e  -3-dB p o i n t ;  has  selectable frequency bandpass through plug-in f i l ­
te r  modules; has a dynamic range o f  70 dB; h a s  a v a r i a t i o n  i n  s e n s i t i v i t y  due t o  
temperature  of  less than  +-1 dB over  the  temperature  range of 4' t o  54' C (40' t o  
130' F) ;  is r e l a t i v e l y  i n s e n s i t i v e  t o  cable l eng th ,  having been tested on a 
sh ie lded ,  two-conductor, tw i s t ed -pa i r  cable up t o  900 m (3000 f t )  i n  l eng th ;  has 
a 70-dB vo l t age  ga in  range selectable i n  2-dB increments;  has an open-loop 
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(manual) and a closed-loop (au tomat ic )  remote tun ing  c a p a b i l i t y ;  f e a t u r e s  a 
remote electrical  c a l i b r a t i o n  c a p a b i l i t y ;  and c o n t a i n s  a meter t o  monitor the  
s i g n a l  l e v e l  o r  the; qu ie scen t  tun ing  po in t .  These f e a t u r e s  s a t i s f y  target 
s p e c i f i c a t i o n s .  

Langley Research Center  

Nat iona l  Aeronaut ics  and Space Adminis t ra t ion 

Hampton, VA 23665 

February 3 ,  1977 
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APPENDIX 


THEORETICAL A N A L Y S I S  OF THE AUTOMATIC T U N I N G  CONTROL SYSTEM 

Transfer  Funct ions o f  System Components 

MicroDhone-converter.- According t o  equat ions  ( l o ) ,  (131, and (18) o f  refer­
ence 1 ,  t h e  output  vo l t age  v2 of t h e  conver te r  (see f ig .  8 )  i s  related t o  t h e  
capac i tance  of the tank c i r c u i t  as fol lows:  

where4 

‘2Q quiescent  va lue  o f  v2 

“a c, - cmg 

cV = cv - CvQ 

‘m ins tan taneous  microphone capac i tance  

cV ins tan taneous  v a r a c t o r  capac i tance  

‘mQ qu iescent  microphone capac i tance  

‘vQ quiescent  v a r a c t o r  capac i tance  

The cons t an t  K 1  i s  made up of  t h e  fol lowing conve r t e r  parameters: 

K 1  = 
I ~ R ~ P Q ~  

‘mQ + ‘VQ 

i n  which 

IR conver te r  r e fe rence  c u r r e n t  (see ea.  (121,  re f .  1 )  

RL load r e s i s t a n c e  of conve r t e r  FET (330-n r e s i s t o r  of  f i g .  5 )  

P = 1 (see eq. ( 1 1 1 ,  ref. 1 )  

Q q u a l i t y  f a c t o r  o f  tank  c i r c u i t  

I n  t h e  complex frequency s domain, 

*4See Symbols f o r  f u r t h e r  explana t ion  o f  convention used. 
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APPENDIX 

Zero Drive" amD1ifier.- For the  purpose o f  a n a l y s i s ,  t h e  t r a n s f e r  func t ion  
o f  t h e  Zero Drive' a m p l i f i e r  i nc ludes  t h e  output  stage o f  t h e  conve r t e r ,  which 
has  a ga in  somewhat greater than un i ty .  The r e l a t i o n s h i p  between vo l t age  v3 a t  
test po in t  3 and output  vo l t age  v2 may be desc r ibed  by t h e  fol lowing expres­
s i o n  over the l i n e a r  range: 

and i n  the s domain 

-
v3 

-
Equation ( 1 )  i s  used t o  re la te  V 3  t o  t h e  capac i tance  changes: 

- '3Q + K 1 K 2  (&Em+ &Ev) (2 )
S 

where v3Q = VZM - K V2 i s  t h e  quiescent  va lue  o f  v . The va lues  o f  t h e  con­
s t a n t s  i n  equa i o n  ( $ 1  i a v e  been determined e x p e r i m e n t h y  and are 

V3Q = 9.20 v 

K 1  = '4.3 V/pF 

K2 3 .6 ,  w i t h  Zero Drive" a m p l i f i e r  on 30-dB range 
- -D i f f e r e n t i a l  amDlifier-filter.- The output  v o l t a g e  VQ is related t o  V3 

and VR3 i n  t h e  fol lowing manner: 

I n  equat ion ( 3 )  a p p e a r  t h e  t r a n s f e r  func t ion ,  time c o n s t a n t s ,  and ga in :  

-
F3 = - K 3  

T12S* + T2S 

- R10 
K3 - R9 + R I 0  

Later i n  t h e  a n a l y s i s  t h e  parameters T,, 'c2, T ~ ,and K w i l l  be chosen t o  
achieve the spec i f i ed  c u t o f f  frequency and damping r a t i o  01the  closed-loop 
system. 
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APPENDIX 

SumminR amD1ifier.- The r e l a t i o n s h i p  between output  and inpu t  i s  simply 

and 

Varactor.- The r e l a t i o n s h i p  between the  capac i tance  cv and vo l t age  v5 
of  a va rac to r  may be  approximated by the  fol lowing expression:  

cv = CR 
Y 

(1 + ?) 
where 

CR va rac to r  capac i tance  a t  ze ro  b i a s  

Y diode power-law exponent ( = O  , 4 4 1  

contac t  p o t e n t i a l  ( ~ 0 . 6VI 

T h i s  r e l a t i o n s h i p  is  l i n e a r i z e d  f o r  small PLlanges about t h e  quiescent  po in t  
(v5Q, CvQ): 

cv = CvQ - K 5 ( ~ 5- V ~ Q )  (51 
Taking i n t o  account t h e  s e r i e s  arrangement of t h e  two v a r a c t o r s  i n  f i g u r e  5 ,  t h e  
cons tan t  K, is  determined as follows: 

J 

24 (I + - V:q)’l+l 

I f  t h e  va lues  of y and Q given p rev ious ly  and t h e  t y p i c a l  va lues  CR = 22 pF
( type  1N5463A) and V5Q = 2V are used,  then  21 CvQ = 5.8 pF (series combina­
t i o n )  and K5 = 0.977 pF/V. 

Closed-Loop Trans fe r  Function 

The system of equat ions  ( 1 )  t o  ( 5 )  is  s u f f i c i e n t  t o  s p e c i f y  the  behavior of 
the  closed-loop c o n t r o l  system. I n  p a r t i c u l a r ,  t he  change i n  v a r a c t o r  capaci­
tance  becomes 

+ (Ti2, + V ~ Q )  - K6Cm 
( 6 )acv = K ~ K ~ K ~ T ~ V R ~+ T ~ ) K ~ ( K ~ V R ~  

* l 2 s 2  + T ~ S+ K 
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where 

K = K I K ~ K ~ K ~ K ~  

For the d e r i v a t i o n  of equat ion  ( 6 ) ,  t h e  fo l lowing  r e l a t i o n s h i p  is  used: 

'3Q = 'R3 (7 1 

I n  order  t o  prove equat ion  ( 7 ) ,  cons ider  t he  case i n  which the  conver te r  is  
opt imal ly  tuned: 

- ­
6 C V  + 6Cm = 0 (8 )  

The s teady-s ta te  va lue  o f  t h e  output  of  t h e  d i f f e r e n t i a l  a m p l i f i e r - f i l t e r  is  
found by applying t h e  f ina l -va lue  theorem o f  Laplace t ransform theory  t o  equa­
t i o n  ( 3 ) :  

Now, s i n c e  by equat ion ( 2 )  

l i m  SV, = v 3 ( ~ )= v~~ 
s+o 

it fol lows t h a t  t h e  first l i m i t  above can e x i s t  i f ,  and only  i f ,  equat ion ( 7 )  i s  
t r u e .  The second term y i e l d s  

T h i s  vo l tage  less t h e  r e fe rence  vo l t age  VR3 i s  t h e  s t a t i o n a r y  vo l t age  ac ross  
capac i to r  C 5 .  

The inve r se  t ransforms of  t h e  V R  
v R 4 9which vanlsh  r a p i d l y  a f te r  t h e  sys ­y i e l d  exponent ia l ly  decaying time func2 'i o n s ,  54 terms i n  equat ion ( 6 )  

tem power is turned on. The closed-loop t r a n s f e r  f u n c t i o n ,  t hen ,  i s  taken t o  be 
t h e  following : 

A Nyquist p l o t  of t h e  open-loop t r a n s f e r  func t ion  

r evea l s  t h a t  t h e  system i s  a lways  s tab le  as long as K > 0 .  
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APPENDIX 

T h e o r e t i c a l  3 e s u l t s  

Steady-st-ate e r r o r . - The s t e a d y - s t a t e  response o f  t h e  v a r a c t o r  capac i t ance  
t o  a s t e p  change i n  microphone capac i t ance  S,/s is ,  from equa t ion  ( g ) ,  

I n  o t h e r  words, t h e  change i n  cv compensates e x a c t l y  f o r  t h e  change i n  cm, 
and t h e  system responds with z e r o  s t e a d y - s t a t e  e r r o r .  Applying t h i s  procedure 
t o  equat ion ( 6 )  i n s t e a d  of equa t ion  ( 9 )  shows t h a t  t h i s  r e s u l t  i s  independent o f  
t h e  r e f e r e n c e  v o l t a g e  V 4. Experimentally,  i t  has been found t h a t  t h e  system
always approaches t h e  o p h n a l  t un ing  p o i n t ,  independent ly  o f  t h e  s e t t i n g  o f  
V if t h e  tank c i r c u i t  capac i t ance  i s  w i t h i n  t h e  l i n e a r  range o f  ope ra t ion  o f  
tl%'converter. After t h e  system power is  turned on ,  o n l y  a s l i g h t  adjustment o f  
vR3 i s  g e n e r a l l y  needed t o  tune  t h e  conve r t e r .  

Design c r i t e r i a . - The closed-loop t r a n s f e r  func t ion  given by equa t ion  ( 9 )  
can be w r i t t e n  i n  t h e  form o f  a second-order resonant  system: 

where wn = @/T, i s  t h e  r e sonan t  angu la r  frequency o f  t h e  undamped system, and 
C = 'r2/2..r \rK i s  t h e  damping r a t i o .  The magnitude o f  Fc is u n i t y  a t  ze ro  f re­
quency and is  down 6 dB a t  approximately wn i f  t h e  damping is  c r i t i c a l .  It i s  
des i r ed  t h a t  ( a )  f n  = wn/2r = 0.01 Hz (minimum upper c u t o f f  f requency) ,  and 
( b )  5 1 ( c r i t i c a l  damping). These va lues  are a t t a i n e d  approximately w i t h  
t h e  va lues  o f  c i r c u i t  components R l ,  R4, C 2 ,  and C5 given i n  t h e  legend o f  
f igure 9 t oge the r  w i t h  K 3. The l a t t e r  is  a d j u s t e d  by means o f  r h e o s t a t  
R1O. I n  o r d e r  t o  accommodate t h e  high-input r e s i s t o r s  R 1  = R 4  : 10 MQ, it is 
necessary t h a t  O1 be an FET o p e r a t i o n a l  ampl i f i e r ,  i n  t h i s  case a type  A D 5 0 3 J H ,  
havirig an inpu t  r e s i s t a n c e  exceeding 100 G4.  The upper c u t o f f  frequency may b e  
raised t o  0.1 or  1 Hz simply by lowering both R 1  and R4 t o  1 MQ or 0.1 Mn, 
r e s p e c t i v e l y .  

C a l i b r a t i o n  s i g n a l . - If a c a l i b r a t i o n  v o l t a g e  v is app l i ed  t o  t h e  inpu t
of  t he  summing a m p l i f i e r  (see f i g .  81, then t h e  ou tpu t  v o l t a g e  Vo of t h e  Zero 
Drive" a m p l i f i e r  is  t h e  fol lowing:  

The c a l i b r a t i o n  v o l t a g e  is e q u i v a l e n t  t o  a change i n  microphone capac i t ance  
equal  t o  K4K5Fc, i n  t h e  Laplace t ransform n o t a t i o n .  
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